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ABSTRACT

Attenuated measles virus has revealed selectivertaril killing and is currently tested in clinicalals

for the therapy of cancer patients. The amountnéédtious particles per dose needed for oncolytic
therapy can be more than a million times higher garad to vaccination. This requires highly effeetiv
production processes which guarantee the measies guantities needed for its use in cancer therapy
Referring to measles virus production itself, sale€actors are influencing process parameters and
subsequent virus vyields. These factors are mediptimzation, feeding of nutrients, an optimal
multiplicity of infection, localization of producedsirus particles, temperature sensitivity and tiofe
harvest. This review summarizes the available datecerning measles virus production in cell culture
and factors influencing the virus yield.

Keywords: Measles Virus (MV), Subacute Sclerosing PanencéEhédSPE), Major Complement Protein
(MCP), Cytopathic Effect (CPE)

The only natural hosts for MV are humans or non-
1. INTRODUCTION human primates. MV as a member of the order
Mononegavirales is an envelope, single-stranded, negative-

sense RNA virus from the familjaramyxoviridae (genus

re_spiratory and_ Iymphoid_ systems caused_ by M_ea5|e§vlorbillivirus) (Navaratnarajafet al., 2009). The virus is
Virus (MV). Beside the typical rash and Koplik spahis  tng as pleomorphic particles with a size of 120-8m.

considerably weakened state of health due to &Bbsi fusjon protein (F protein) are embedded the
distinct immune suppression. The course of diséase lipid bilayer constituting the viral neelope.
often relatively mild, but sometimes life-threatgni The matrix protein (M protein) covers the innetesaf the
Deadly complications such as e.g., severe pneunmnia Viral enve!ope and modulates the activity of thealyi
Subacute Sclerosing Panencephalitis (SSPE) octiravi  glycoproteins (Cathomeet al., 1998). The viral RNA is
fatality rate of about 1 in 1,000 patients (Sabe#@10). ~ €ncased in ~a ribonucleocapsid structure. = The
Especially the life-threatening direct ethiophagploof ~ 'loonucleocapsid consists of the nucleocapsid prote
measles can be prevented by vaccination using Iife-tlghtly wrapping the RNA genome and the associated
attenuated vaccine strains of MV. These vaccine® ha polymerase (L) and viral Phosphoprotein (P), aaue

. L of the polymeraseF{g. 1A). The attachment protein of
been used in milions of doses up to now, probably\y the H protein, exhibits no neuraminidase atfivas

evoking life-long immunity and revealing an excetle  gjready indicated by its name, nor does it adsorb t
safety profile. Derivatives of these vaccine sgare used  neuraminic acid as entry receptor, which is othsewi
in current clinical trials for their efficacy in oalytic typical for paramyxoviral attachment proteins ohest
virotherapy (Msaouett al., 2011). genera (Navaratnarajahal., 2009).

Measles is a highly infectious disease of the
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Fig. 1. Particle structure and replication cycle of MV. MYV is a single-stranded RNA virus. Viral RNA is epsalated by a viral
nucleocapsid. The glycoproteins haemagglutinin etgin) and fusion protein (F protein) are embedutethe lipid layer.
The matrix protein (M-protein) covers the inneresiof the viral envelope and interacts with virayagiproteins and the
ribonucleocapsid. B: MV attaches to the host celimmgane via the viral H protein binding to one oé ttree receptors
SLAM, CD46, or nectin-4step 1). After receptor attachment, H is thoughtrigger the associated F protein, resulting in
fusion of viral and host cell membranes (step Zhwhe formation of a fusion pore, through whicle tilbonucleoprotein
complex enters the cells” cytoplasm (step 3). VRAIA polymerase uses ribonucleotide triphosphatethéncytosol to
transcribe the viral genome into viral MRNAs (st¢@dd, after translation of viral proteins (stepsilbsequently to replicate
the viral RNA genome and antigenome (step 6). Tagetlith the replicated viral genome, the N, P angrdteins assemble
a progeny ribonucleocapsid (step 7). H protein Brprotein, the viral transmembrane glycoproteins, @roduced at the
ribosomes of the rough ER (step 8). These two prstaie transported as oligomeric complexes to¢hemembrane via the
Golgi apparatus utilizing the exocytotic pathwatefs9). The progeny ribonucleocapsid associatésegplasma membrane

of the host cell with the viral transmembrane glywteins,

mediated by the M protein. Direct assamiaof the M protein

with the cytoplasmic domains of the H and F prata@msupposed to induce folding of the cell memérdollowed by the
release of the virus particle by budding (step @)Infected cells fuse with neighboring receptosifiee cells resulting in

multi-nucleated giant cells (syncytia).

The H and the F proteins mediate MV cell entryhag t
cell surface via fusion of the viral lipid envelop#ayer
and the host cell cytoplasmic membrakég( 1B). The

H protein binds to specific host cell receptors asd
thought to trigger the F protein via conformational
changes to initiate the fusion between the virusl the

infected cell cultures. MV infection is accompanieyl
cell-to-cell fusion and formation of multi-nucledte
giant cells, so called syncytidify. 1C). In the late
stages of MV infection, apoptosis and the lysisthaf
cells are induced. During the amplification phasae,
considerable part of the MV particles remains cell-

cells” membranes. Three main receptors are used bwssociated, while some particles are released fhmm

MV. Pathogenic wild-type strains of MV utilize
signaling lymphocyte activation molecule
(SLAM /CD150) (Tatsuoet al., 2000) on activated
immune cells and nectin-BAVRL-4 (Mihlebactet al.,

cell membrane via budding (Morgan and Rapp, 1977).
1.1. Application of Attenuated Measles Virus

The initial isolation of the MV was done by Enders

2011; Noyceet al., 2011) on epithelial cells as anq peebles (1954). The isolated strain has bedrede
;e%ecri)fti(éirt& 1;% Vgggli?i?)nsatlrlamugiz eé%i%de?émﬁg'eor from the throat washings of an 11 years old measles
C%mplerr)]lent Protein (MCP))/ (Dorig al. 19’93_' (.‘;’erlierj patient named David I_Edmonston and was therefore
et al., 1994), which is expressed on all human nucleated’@med Edmonston strain (Enders and Peebles, 1954).
cells, for entry (Navaratnarajabt al., 2009). After | Nis measles virus strain was adapted to cell eiéand
infection, MV induces morphological changes of the attenuated by serial tissue culture passages irgput

cell layer, a so called Cytopathic Effect (CPE) in less virulent virus strains, e.g., Edmonston B. sThhis
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isolate has become the progenitor for many atteuat xenografts in murine models (Groge al., 2001). This
strains which are currently in the use for vacéomat  oncolytic virus has also been reported to have rmyte
(Fig. 2A) or research investigation. against human epithelial ovarian cancer aeligtro and
1.2. Use of Measles Virus For Vaccination in vivo, being selectively lytic for the ovgrian tumor cell
(Penget al., 2002), hepatocellular carcinoma (Blechacz
It was Thomas Peebles who obtained specimenst g, 2006), or prostate cancer cells (Msaoetehl.,
from a measles outbreak in 1954. Meanwhile, humanzoogb), among others. Russetlil. (2010)filed a patent
kidney cells had been successfully cultuiregitro in the application which describes a method for limitirfee t
Enders lab. growth of cancer cells using an attenuated MV strai
In these cells, MV could be successfully cultigate This oncolytic property qualifies MV for cancer tapy
for the first time and has been subsequently passad  approaches and is currently examined in clinicillstr
times. After inoculation of these passaged virusiglas with human cancer patients (Davis and Fang, 2005).
in measles-susceptible monkeys (cynomolgus monkeys)Furthermore, new oncolytic MVs have been created as
the animals developed fever, rash, viremia andMNti  next generation therapeutics, which specificallygea
antibodies (Peeblegt al., 1957). After one further the cancer cells (Nakamuehal., 2005; Springfeldt al.,
passage, the cultured MV had been transferrediahu  2006: Hasegawat al., 2007; Miihlebactet al., 2010;
amnion cell cultures and then to chicken eggs &aid Leberet al., 2011).
6 passages, respectively (Milovanovt al., 1957). One problem of using oncolytic measles viruses for
Afterwards, the virus was passaged in chicken embry cancer treatment is the sheer amount of virus meede
fibroblasts for 13 times. When the virus particlesre Similar to virus particle based gene therapy (Nehet
then inoculated into measles-susceptible monkegs, n g1, 2004: 2006: 2009) the measles virus quantityafor
disease symptoms, but complement-fixing and therapeutic dose is thré®6log, units higher than for
neutralizing-antibodies were observed (Kettal., 1958; vaccination (Msaouekt al., 2009a; 2011; Davis and
Enderset al., 1960). These monkeys were than resistantpang' 2005; Russelet al., 2010). Searching for a
to infection with “wild type”, pathogenic MV. Basesh  production process for oncolytic virus particlese th
these results a vaccine strain was developed eedsed  question arises, whether the production process for
in 1963 (Katz, 2009). Thus, measles vaccinatiorall& v vaccines cannot simply be expanded. To answer

possible that enables control of measles epidemics. this question, the specific requirements for MV
Today, several MV strains are used and licensed fo production are discussed in this review.

vaccination, e.g., the Moraten Vaccine (Merck) @dh . . .

et al., 2004) or AIK-C, Schwarz F88, CAM-70 and 1'4-3\’}%‘,’:%2%03/'0\(] Particles: New Aspects for

TD97, Fig. 2B) (Artenstein, 2009). These vaccines have

been used in millions of doses and have revealed an Currently, there is just one detailed description

excellent safety profile. MV production in larger scales (60 L) for oncolytic
Measles vaccine is currently produced by standardtherapy available, where a detailed protocol foe th

cell culture techniques in chicken embryo fibrotdas purification and the serum-free production with ¥er

(Bronzino, 2000). The used process systems arelymain cells in cell factories is presented (Langfiedt al.,

roller bottles or multilayer stacked plate syste(osll 2011). Measles vaccines are routinely still produce
factories). Compared to petri dishes or T-flaskdarger using chicken embryo fibroblasts and standard cell
surface can be obtained with these systems. culture techniques. While this process works faat th

specific purpose, it is not easily transferabledncolytic
virotherapy applications due to the up to 6}ognits

Apart from vaccination, attenuated MV has a natural higher amounts of virus needed. Therefore, a massiv
ability to specifically kill cancer cells. Attenwat MV~ scale up of the production process is required. All
enters the cell via the receptor CD46, which igidently  currently industrial used processes for measles
over-expressed on tumor cells (Davis and Fang, R005 vaccine production are monolayer cultures with non-
As MV is a lytic virus, MV replication in tumor del  uniform cell growth, limiting oxygen transport and
leads to cell lysis of cancer cells. Intratumorgéction inhomogeneous nutrient supply. From the bioprocess
of the unmodified MV Edmonston strain or an point of view, these processes are neither coraind],
Edmonston strain derived recombinant MV induced nor do they yield standardized and reproducibleissir
regression of large established human lymphomaqualities and quantities.

1.3. Potential of Measles Virus for Cancer Therapy
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Fig. 2. Histories of Edmonston derived (A) and non-EdmongB) derived vaccines (obtained from (Bankaghpl., 2011), with
permission). Derived strains are indicated by thiereviation of the cell culture used and the nundfgrassages performed.
The temperature was assumed to be 37°C, other usegbetatures were indicated by numbers in brackets.
CAM...chorioallantoic cavity of chick embryo; CE(am).ti@aamniotic cavity of chick embryo; CEF...chick embryo
fibroblast; DK...dog kidney; HA...human amnion; HK...hum&idney; SK...sheep kidney; WI-38...human diploid sgll
*Plaque purification.

Furthermore, an efficient scale up of these pseess  process has to be established, anywBgrmentation
difficult and requires expensive robotic automation techniques enable high efficient production of viemge
(Bronzino, 2000; Trabelsit al., 2010). To expand these Volumes to provide the necessary quantity of trerele
existing systems in a way that over 1 million tinhégher product. Production processes in bioreactors reduce
numbers of infectious particles per dose are predjuc Overall costs and shortens time. This can easily be
would be, even if possible, very inefficient. presented by evaluating the productivity (spacetim

Another point to consider is the virus per se, yield), which describes the ratio of the amountiesired
especially for those oncolytic virus particles taes fully ~ Product, that is generated and the time and voloeeeled
retargeted for cancer cells. For the latter, theusvi for this purpose. The productivity of conventional
recognizes only receptors expressed on human cancéultivation systems (e.g., cell factories) comparted
cells and propagation of these oncolytic viruseshicken ~ bioreactors is supposed to be lower. _ _
embryo cells will therefore not be possible. Thatsleast Scaling up in a bioreactor requires an increasaen
some oncolytic MV viruses have to be produced &ci reactor vessel while the operating effort staysséhme.
cells developed for this purpose, e.g. Vero-HISIscel In contrast a scale up in a cell factory productioocess
(Nakamuraet al., 2005). For these special cells, a new means increasing the number of cell factories. &hes
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additional cell factories have to be handled, wimciheases
required material, staff costs and handling time.

Besides, bioreactor systems are characterizedsby i
complex design and high level of instrumentatioriclvh
enables online measurement and in process conitiol w
reproducibility efforts and GMP standardization. In

endpoint dilutions are determined, at which infectis
detectable (often by the appearance of syncytigp(R
and Muench, 1938). Using statistics, virus titers a
subsequently calculated as Tissue Culture Infective
Dose (TCIQg) (Karber, 1931), which indicates the
dilution of the respective virus particle suspensiat

Table 1 the main advantages and disadvantages of thévhich infection is detectable in 50% of inoculated

two systems are compared.
The purpose of this review is to summarize

cultures. Another option of virus quantificationtise
evaluation of plaque formation. Employing this

published production processes for MV and factors method, cells are infected with various virus ddas

influencing the virus vyield. Moreover, it indicates
starting points for further analysis to obtain #&uiént
amount of virus particles for oncolytic therapy.hét
aspects of MV virotherapy have been reviewed ajread
and for this reason were not covered in this revieetails
covering MV biology are summarized in (Griffin and
Oldstone, 2008), the current state of oncolytialgriwith
measles viruses is described by (Msaatedl., 2009a,
Msaouel et al., 2011). Additionally, Langfieldet al.
(2011) and Udem (1984) provide detailed descriptibn
methods for MV purification.

1.5. Measles Virus Production
Starting with the demonstration that MV could be

and after an adsorption period of about two hoars,
soft agar overlay containing all medium composision
is added (Mayer, 1960; Rapp, 1964). Due to the
spread of the virus via cell lysis, areas of virus-
induced cell destruction appear as so called plsque
The number of plaques is then counted after a ddfin
period of time. According to this method the virus
titers are given in plaque forming units (pfu). Bhu
the pfu method describes an infectivity that isedtty
quantified, whereas the TCip is a statistical
description of a probability of infection with 50%
chance. Accordingly, a titer of 1x10rClDsomL™
corresponds to approximately 0.7*jFumL™.

In the following, measles virus has been produced

propagated in human and simian cell cultures (Ender USiNg serum supplemented medium, if not specified

and Peebles, 1954), a considerable amount of deta h

otherwise.

been published on MV production. MV amplification 1.6.Impact of Virus Strain and Cell Type for

has been described in various cell
various culture modes.
stability, composition of medium and virus amount
have already been analyzed. Concerning

optimization of the production process, only fewada

lines and with
Parameters such as virus

Measles Virus Production

MV production has been analysed in several cell

antypes and with several virus strains. Matumoto G)96

gives an overview of various cell lines, which Haekn

have been published. The outcome in the publishecanalysed and could be usefull for MV production.i/h

data was evaluated by
extracellular virus titers. For MV, two main mettsd
evaluating titers of infectious MV are used. For
infectivity titration, virus suspensions are dildtand

the cell-associated andesearch groups have determined various cell tjpes

their susceptibility to MV, industrial MV productio
(vaccines) are still routinely produced using ckitk
embryo cells (Bronzino, 2000).

Table 1. Comparison of conventional (e.g., cell factoriegd ebioreactor system for cell culture cultivationdaproduction.
Presentation of the main advantages and disadwestdghe respective system

Conventional cultivation (e.g., cell factories)

bioreactor cultivation

Simple design

Low level of instrumentation, but requires trangpor
of the whole culture to e.g., work bench for medium
exchange

Low level of control (limitation of metabolites)

Due to static cultivation development of local
concentration gradients

Due to increased inhomogeneity reduced
stability and reproducibility

Ease of handling in small scale

During cultivation measurement of parameters
hard to perform

Insufficient oxygen supply for high cell densities

Often more complex design
Requires external equipment (e.g., heating
circuit, sterile couplers)

Bsibility of direct regulation for appropriate
physical and chemical requirements
leased homogeneity

Increased stability and reproducibility

Easier to handle in larger scales
Ontimomitoring of process parameters with
integrated sensor

Increased oxygen transfer into the medium
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1.7. The Edmonston Strain 1.8. Other Measles Virus Strains

Besides the Edmonston lineage, several othenstrai
of MV have also been examined. These are the Hallé

now the most commonly used strain for vaccine strain (Dubois-Dalcq and Reese, 1975: Scoft and
development. The maximum virus yield obtained il . R - '
P y Choppin, 1982), the TYCSA strain (a variant of the

Edmonston strain has been determined by dlﬁerem‘l‘oyoshima strain) (Shishide al., 1967), the Leningrad-

groups, while various cell lines were infected witiis . L U
. ) ] 16 strain (Boriskiret al., 1988; Sidorenket al., 1989)
MV strain (Black, 1959; Kohn and Yassky, 1962; Na#ta and the AIK-C strain (Trabelst al., 2010) Table 2.

al., 1969; Romano and Scarlata, 1973; Baczko and Production of the Hallé strain in Vero cells was

Lazzar.ini, 197_9; Brandrisset al., _1982; Scott and characterized by electron microscopy. Due to tlizga
Choppin, 1982; Mendonaal., 1994; 2002)Table 2). it has been suggested that infected Vero cells ao n

Blafk (1959) gained a maximum titer of 6.3%10 complete the first cycle of viral replication with24h
pfumL™ with Hep-2 cells, whereas Romano and ager infection. At this time point, cell fusion waust
Scarlata (%?7_3) described a maximum titer of 4.6x10 starting; neither budding nor complete virus péetic
TCIDsomL™ in Hela cells and Udem (1984) a (oy|g be observed. In contrast, the whole monolayer
maximum of 1"_16 pfu/mL in Hela cells. In 'le cells,  appeared to be covered with syncytia after three dad
a maximum titer of 5.6x1D TCIDsomL ™ was  yirg| budding could be illustrated (Dubois-Dalcgdan
obtained (Kohn "j‘lnd Yassky, 1962). A maximum value Reese, 1975). These observations are in agreenignt w
of 1x10 pfumL™ was produced with BSC-1 cells previous data published for MV growth curves foe th
(Nakai et al., 1969), whereas MV produced in Vero ggmonston strain in other cell lines (Black, 195@kai
cells had a maximum titer of 1.7x10CIDsomL™ ¢ 4. 1969).

(Mendoncaet al., 1994; 2002) MV production in the Scott and Choppm (1982) Compared the virus
suspension cell line U937 resulted in a titer of production between the Edmonston and the Hallénstra
6x10 pfumL™ (Brandrisset al., 1982). A comparison Infection with the Edmonston strain resulted irglsiiy
of Vero, BGMK, CV-1, Hep-2, AY, BHK-21, PK-15 higher maximum MV vyields compared to Hallé
and MDCK cells infected with the Edmonston strain (approximately 1x18vs. 2.5x18pfumL™, respectively).
revealed that Vero and BGMK cells produced the Vero cells infected with the TYCSA strain prOdU(HEd
highest virus yields (Scott and Choppin, 1982). The maximum titer of 3x10TCIDsymL™ (Shishidoet al.,
yield with Vero cells was slightly higher with a mimum  1967), whereas the Leningrad-16 strain amplifieduail
value of 2.8x10 pfumL™. Other cell lines had reduced embryo cells (Boriskinet al., 1988; Sidorenkeet al.,
virus production, with 7-28,000 times lower titreDCK ~ 1989), resulted in maximum titers of 1X16r 3.6x10
cells had the lowest production rate with just 1x10 TCIDsomL™ (Boriskinet al., 1988). Finally, infection of
pfumL™* (Scott and Choppin, 1982). MRC_:—S cel_ls with the AIK-C st_r?m result.ed in a

A further analysis of MV production in Vero and Maximum fiter of 1x18 TCIDsomL (Trabelsiet al.,
MAL160 cell monolayers as well as MA160 cells cuthr ~ 2010). This is to our knowledge the highest titehich
in suspension has been published. A maximum titer Ohas _been -reported.for MV, yeIabIeIZ summarizes
approx. 30 pfu per cell was described on MAIL60 maxmumtlters as discussed above._D|rect ~compariso

. , . of various cell lines and measles virus strains dvadg
monolayers, while the titers in Vero cells were

approximately three times lower. In contrast, with been performed by (Scott and Choppin, 1982), sp far

. . who documented the highest yields using Vero cells
suspension culture of MAL60 cells, ay|e_ld of 1abiu and the Edmonston strain. As other publications
per cell (equals 2x1a.6x1¢ pfumL™) could be

A , , though reported higher yields with other cells and
reached; this is an increase of 20-100 times CoBPEY  qyraing, the comparability of the data from diffetre

the monolayer titers. However, besides the parametd! publications is not necessarily given. Especialtly f
types and culture mode, the medium supplements have,gividual uses such as recombinant retargetedsesu

and Lazzarini, 1979). Thus, no absolute comparison performed with this strain anyway.

feasible, since the impact of medium compositiorivbh - .
production yields has already been documented, edls w 1.9. Stability of Measles Virus
(Romano and Scarlata, 1973; Scott and Choppin,)1982 Several parameters can influence the stabilitiof
Taken together, these dataybe helpful for choosing an particles. While some factors such as temperatunptHo
optimal MV producer cell lineput have to be interpreted may inactivate the virus, others like certain safiplements
with respect to the composition of the medium. are able to stabilize the infectivity of the virus.

As already mentioned, the Edmonston strain isoup t
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Table 2. Cell type and MV strain for MV production. Summarfytbe main virus strains which were produced wittfiedent cell
lines. For better comparability, titers in pfu weanverted in TCIg, by multiplication with the factor 0.7

max. titer €10°
MV strain Cell line TCIBYmL) Ref.
Edmonston A 2.800 (Scott and Choppin, 1982)
BGMK 154.000 (Scott and Choppin, 1982)
BHK-21 0.014 (Scott and Choppin, 1982)
BSC-1 14.000 (Nakat al., 1969)
Cv-1 28.000 (Scott and Choppin, 1982)
HelLa 0.046 (Romano and Scarlata, 1973)
70.000 (Udem, 1984)
Hep-2 8.400 (Scott and Choppin, 1982)
0.630 (Black, 1959)
KB 0.560 (Kohn and Yassky, 1962)
MA160 230.000 (Baczko and Lazzarini, 1979)
MDCK 0.007 (Scott and Choppin, 1982)
PK-15 0.007 (Scott and Choppin, 1982)
U937 8.600 (Brandriszt al., 1982)
Vero 196.000 (Scott and Choppin, 1982)
170.000 (Mendoncet al., 1994)
8.000 (Mendoncet al., 2002)
AIK-C MRC-5 100,000.000 (Trabelst al., 2010)
10.000 (Trabelsit al., 2012)
Leningrad-16 strain quail embryo cells 10.000 (Bonst al., 1988)
0.360 (Sidorenket al., 1989)
TYCSA Vero 3.000 (Shishidet al., 1967)
Halle 70.000 (Scott and Choppin, 1982)
Sool . 1.4log;p units per 2. Due to MV's high susceptibility
to temperature-inactivation (Black, 1959; Kohn and
Yassky, 1962), there has been considerable inténest
- a stabilizing the virus. Rappt al. (1965) reported the
= - . = impact of various salt solutions on the stabilify V.
2 604 Dilutions of infectious particle preparations iMIMgSO,
2 and 1M Na,SQ, stabilized the virus. In contrast, in other
z 404 salt solutions (CaGJl NaCl, KCI, K,SO, and NaHPQ,), or
2 .= in pure water, a decrease of one to more than libgee
20 4 units was observed within 1Bin at 50°C. With MgS®
and NaSQ,, only slight decreases of @20.4log;, units,
S respectively, were observed. Furthermore, MV

Fig. 3. Residual infectivity of measles virus at various. pt/
was mixed with two volumes of cold buffer soluticofs

various pH values and incubated foh & an ice bath.

7 8 9 10 1

pH

1

inactivation at 50°C decreased with increasing MgSO
concentration. However, an increasing concentratibn
MgCl, enhanced the inactivation of MV. These results
indicate that sulfate ions may protect MV agaihstrinal
inactivation (Rappet al., 1965).

Boriskinet al. (1988) analyzed the impact of MggO

Determination of the virus titer was evaluated byon MV yields, again (Boriskiret al., 1988). Here, the

titration (plague method). Infectivity was normaiézto

same thermal inactivation rate of MV in the abseaicd

optimal pH7.6 and residual infectivity is plotted against presence of MgSfwas observed. It has been suggested
pH. Figure is based on data published by Black (1959 that sulfate ions cannot protect the virus from thea

inactivation in contrast to the previously citecbppcation

Temperature dependent inactivation of MV at 37°G ha(Rapp et al., 1965). As an explanation for this

been reported to proceed at a rate of about I0d;5
units per hour, which represents a viral half-ldé

discrepancy, the addition of MgQo the culture
medium was described to result in earlier plaque

about two hours (Black, 1959). Kohn and Yasskyformation and thus in an increase of apparentstitgrup

(1962) also reported a high inactivation rate of MV
37°C, with a drop in infectivity by 90% in 16 or

////A Science Publications

to 200-fold. MgC} supplementation showed no
stimulating effect and the addition of )0, showed a
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maximum virus increase of apparent titer of onlyfald In another study by Nakat al. (1969) the yields of
(Boriskin et al., 1988). Thus, certain ions may increasereleased virus and cell-associated virus were away
virus production or infectivity, but not its stabjl This  within the same range (maximum titers of approxehat
was further documented by analyzing MV NP protein5><1(f pfumL™). Higher extracellular yields appeared
synthesis by radioimmune precipitation and SDS-with increasing cell-associated virus titers, also
PAGE, where MV ribonucleocapsid protein appears irsuggesting a continuous budding of virus parti¢i¢eskai
untreated cells to a much lesser extent, as cordpgare et al., 1969). Interestingly, HelLa cells showed
MgSQ, treated cells (Boriskiet al., 1988). temperature dependant virus release. While at 37°C
The pH sensitivity of MV has also been analyzed.between a maximum of 80 and 98% of the virus
Figure 3 presents residual infectivity of MV at various particles remained cell-associated, at 32.5°C ntioa@
pH (Black, 1959) showing a highest stability at g6  50% of the virus had been released not later tiGaim 6.i.
and a progressive inactivation of MV for both (Udem, 1984). _ _
acidification and alkalinization results. Shishidoet al. (1967) infected Vero cells with a

MV particles are highly susceptible to temperatureyariam of the Toyoshim.a strain.; MV titers starteal
and pH dependent inactivation (Black, 1959; Kohd an '"créase for ceII—assouate_d virus - about _hlz_after
Yassky, 1962; Rappt al., 1965: Boriskinet al., 1988). infection, for extracellular virus about h8p.i. Titers

Therefore it can be concluded, that during produncti decregsed aft_er f2p.i. for .bOth’ extra_lcellular _and cell-

released virus is inactivated very fast in the sogint associated, virus populapons. Maximum _yields -I’Vere
. . ; : . ; " about 3x10 for cell-associated and 5x1TCIDs, mL

For maximum virus yields, immediate cooling aftbe t

A ) for released virus. Except for the end of the eatibn
harvest, rep_e_ated harvesting in at Iea;lt hourlgr\m]lsz period, cell-associated virus titers were alwaystomwo
further additional analyses for stabilizing the usir |55 “nits higher than extracellular titers (Shishéal.,
par'ucle_s and online measurements an.d regulatictheof 1967). Accordingly, released virus in Vero and MA16
pH during MV production are thus required. cells infected with the Edmonston strain represkotay
1.10. Extracellular and Cell-Associated Virus about 10% of the total amount of infectious virus

(Baczko and Lazzarini, 1979). However, concentregio

While production of MV components is inside the of cell-associated and extracellular virus wereilsinfor
infected cell, all parts accumulate at the cell themme  BSC-1 cells infected with a virulent Edmonston
and are released via budding. These active andletenp derivative of MV, whereas attenuated virus remaited
MV particles appear extracellular. Other particktay = more than 95% cell-associated (Rapp, 1964).
cell-associated. In the last phase of virus reptica These experiments were all performed in static
infectious virus as well as non-infectious virus Systems, e.g., petri dishes. In bioreactor cultvatith
components and particles can be released throujh c&/ero cells, the extracellular yield for MVf ahe
disruption. Edmonston strain_ was lower than intracelluians

The derivation of the virus preparation is impotta  titer, as well. While the extracellular TGDper mL
since extracellular virus is better to handle tis éasy to Was reduced by the value of aboutlddl, the total
separate from cells. Intracellular virus partictesjuire  Virus titer was only lowered by Oldgi, (Mendoncaet
cell disruption, thereby releasing potential impes, i.e., al., 199.4)' . . . .
cellular and viral components besides infectioutigias, Using the suspension cell line U937 in spinner
into the preparation. system, Iess_ than. 20% of the total lamount appeared

One of the first reports about MV production ingHe extracellular in spinner _flaskg (Brandriss al.,_ 1982),
2 cells examined extracellular and cell-associdwd ~ Whereas during production with the suspension loe!
concentration during infection (B'ack’ 1959) Alt,hj.h MA160 in Spinner flasks about 10% of the total sihad
the cell disruption method, a one-step freeze-thgole ~ been released (Baczko and Lazzarini, 1979).
at -5°C, was referred to as incomp|ete' the amoahts FinaIIy, the titers of cell-associated virus havmost
extracellular virus were always lower than cellemsated ~always been reported to be higher than extracellula
yields. Infectious cell-associated virus had beennél fiters. Yields of cell-associated virus were mainiighin
first after 15-1¢h p.i. and extracellular virus could be & range of 50% up to 98% of total virus titers.

observed about 26 post infection. For both, maximum Nevertheless, as already mentioned, serial hange st
virus titers appeared after #8p.i. While cell-associated eleased virus should be considered. Since cellezted

virus titers decreased after M8p.i. the yields for virus can be _harvested only once, cumqlative _tit(ﬁ‘rs
extracellular virus remained constant suggestingFXtrace"mar virus could exceed cell-associateddg.

continuous virus release. This was confirmed byrntiad- 1 11 Impact of Medium Composition on Measles
stability studies, as well. As previously mentionétV Virus Production

has a half-life of 2 at 37°C (Black, 1959). Extracellular

virus titer could remain constant, because theeenseto In general, the medium composition has a great

be equilibrium between virus release and decay. impact on the outcome of a production process.  heg
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several components and supplements necessary woworphology of the cellular monolayer was differeimt.
advantageous for cell cultivation and thereforeusir Enders medium, the monolayer was transformed into
production. Since the special requirements of teféc few large syncytia. In Eagles medium, the cells
cells are unknown, there is considerable needdtailéd appeared more as a network and became rounded in

studies concerning these factors. shape Eig. 4) (Reissiget al., 1956). N
When  Enders medium was  additionally
1.12. Impact of Serum supplemented with glutamine, the morphology ofdbk

sheet was similar to that in Eagles medium. Thesroth
X/vay around, using glutamine deficient Eagle’'s mediu
o . . the cell morphology corresponds to the morpholo§y o
factors, vitamins, hormones, amino acids, subs@f@e o celis in the normal Enders medium. This resugigests
adhesion and cytokines. It is supplemented for cellyai the morphological changes were due to glugmin
culture usually in amounts varying between gmission. Hence, the authors concluded, that gsepre or

3and25%(v/v). Serum as a preparation of primary gpsence of glutamine in the medium was the reasoid
material is not completely characterized, but oftengifferent virus titer (Reissigt al., 1956).

supplemented to cell culture media as it providesvth

essential. The use of serum-free fully defined medi The amino acid requirements for MV production
often preferred for more robust and reproduciblenaye been examined in Hela cells, as well (Romanb a
processes especially for the production of therageu Scarlata, 1973). For that purpose, the omission or

The impact of serum content on MV production wasaddition of certain amino acids (tryptophan, cystei
analyzed by producing the Edmonston strain of MV onyrosine, leucine, valine, phenylalanine, isoleegin
Vero cells in the absence and presence of 10% FCS$hreonine, methionine, lysine, histidine, glutamared
Titers (pfu per mL) were 0.5-118g;, units higher with  arginine) was analyzed by comparing plaque fornmtio
10% FCS than without (48u percell). With increasing in the infected cells. The respective amino acigsew
FCS concentration (no serum, 2% and 10%) the viruadditionally supplemented to a final concentratimin
yield increased. Substitution with calf or horseuse 0.5mM to Eagle’s Basal Medium (EBM) without serum.
resulted in similar effects, although the use ofSFC The results were normalized to titers produced BME
resulted in slightly higher titers. The addition@mM  supplemented with all amino acids and set as 100%.
HEPES to FCS (10%) supplemented medium resulted iproduction of MV in this reference medium reachdéixad
a titer of 18%fupercell. Cultivation of infected cells TCIDs,mL™ (Romano and Scarlata, 1973).
without FCS, but with just 1M HEPES or just Three amino acids (arginine, methionine and
5pugmL™ insulin resulted in a virus titer of glutamine) exerted major impact on the number of
650r 123pfupercell, respectively, while the highest plaques and on virus production. The omission et¢h
amount (191 pfpercell) was obtained using all three amino acids always reduced MV yields, but the
supplements (10% FCS, HEPES and insulin) (Scott anddditional supplementation of arginine and glutaaio
Choppin, 1982). the higher concentrations of 0.5 mM, resulted in

Using M199 Medium after infection with different increased viral titers. In EBM without arginineagle
supplements (none, 2% FCS, 0.2% gelatin, or 0.5%)BS formation was reduced to only 15%. An increase of
resulted in quite similar titers. The highest tited been arginine concentration up to 0¥8M resulted in 2 fold
reached with BSA supplemented medium higher plaque formation. The virus production in
(10’ TCIDsomL™). The lowest titer was equal to 3.2%10 arginine-deprived medium resulted in a maximun tie

TCIDg,mL* and resulted with M199 medium without Only 21TCIDsomL™ 48h p.i. thus thretags, units lower
any supplements (Trabektial., 2012). as compared to the reference. Methionine seems &nb

essential amino acid for the production of MV inlLide
1.13. Impact of Amino Acids in the Culture cells, as well. The absence of methionine restittegrly
Medium cell death, even before plaque formation becamgegwi
i . For virus production without methionine, the titefil
Most cell lines depend on supplemented aming,ot exceed 3ZCIDs,mL ™. The increase of methionine
acids to maintain their metabolism duririg vitro up to 0.5mM did not increase maximum plaque
cultivation. Two media have been compared Withformation above reference. However, addition ofrols
respect to microscopically detectable morphologicalnethionine to cells with preceding methionine oioiss

changes of infected Hep-2 cells (Reisstgal., 1956).  resulted in a threleg,, units-fold increase of the virus
Enders medium contained bovine amniotic fluid, beefijter (up to 3.2x1BTCIDsomL™) within the next 10

embryo extract, heated horse serum and Hanks dancThe third essential amino acid, glutamine, had laimi
salt solution. Eagles (1955) medium was supplemienteeffects as methionine. MV infection in the absernde
with amino acids and serous enrichments as destribgjlutamine was accompanied by early cell death witho
and has been additionally supplemented with calplaque formation. On the contrary, a glutamine
serum. Up to tenfold higher virus yields were obedr concentration of 0.5'aM in the medium caused an
in Eagles medium compared to Enders medium (exadhcrease of plaque formation to 1.5-fold higher bens
values had not been published). Additionally, thethan the reference (Romano and Scarlata, 1973).
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Fig. 4.Morphology of MV-infected Hep-2 cells cultured different media (obtained from (Reissgal., 1956), with permission).
Hep-2 cells grown in (A) Enders medium supplementét bovine amniotic fluid, beef embryo extracgated horse serum
and Hanks balanced salt solution or (B) Eagles nmediupplemented with amino acids and serous enristavend calf
serum. Cells were infected with the Edmonston stodiMV. Depicted are infected monolayer cultures tays p.i. Phase
contrast, about 6% magnification.

Other amino acids had no or a negative impact orl 14
MV replication and production. Tryptophan deprigati B
had no influence on plaque formation, while theitholdl
of 0.5mM of tryptophan was cytotoxic, resulting in The MOI describes the ratio of infectious agent
rounded-up cells and a 50% decrease in plaquéiere: MV) to the infection target (cells). In gese MV
formation. The deprivation of isoleucine and thieen infection for production purposes is performed @ |
caused only 35% plagque formation and virus titersIOI's around 0.02 (Kohn and Yassky, 1962; Brandriss
reached a maximum of 3.2x’t@nd 1x18TCIDgmL™ -?-ta{)eﬂge?a Bg(r)lilg)rm ol 1988, Sidoreniet &l 1989
48h p.i. respectively. The omission of the other amin rabelsietal., : . .
acids resulted in 65-90% plaque formation, exceptte Nakai et al. (1969) studied MV production by

S . . electron microscopy and varied the MOI. Bundles of
deprivation of lysine, which revealed unchangedipé fjzments with a tubular nature, called tubules,rave

formation. Increased concentrations of other anaicids  pserved in infected cells” cytoplasm. These tubulere
had no influence on plaque formation. The highest M associated with the budding process. With ongoing M
titer (1x10 TCIDsomL™), apart from the reference, was replication, the tubules became larger and more
reached after 4B p.i. in culture medium without numerous. Therefore, these tubules might be irdézdr
tryptophan, lysine, cysteine and glutamine (Romand as MV nucleoprotein aggregates. Additionally, these
Scarlata, 1973). tubules appeared in the nucleus, as well. Theskauc
While reduced titers have been reported by théubules were Observed, when the cells were infegidd

omission of serum, some components in serum seem &' MOI of 10. They appeared B4.i. but they remained
be essential for MV production. As serum is comgled V€'Y sparse and poorly developed. The resulting

- : : o tracellular virus titer was 1@fumL™ and no budding
chemically undefined process instability and proide extre . X
with batch to batch reproducibility are to be esxpec particles could be detected at any time. With loiél,

Analyzing the available data, the amino acids angin the appearance of well-developed cytoplasmic tugule

L . . was observed 1B p.i., extensive budding activity was
methionine and glutamine seem to be important 9h h  o\;ident after 30 p.i. The titer of extracellular virus was

titers. However, this may vary with cell line andus threelogy, units higher (10 pfumL™) than the one
strain. In general, there are too little data aldé for gpserved with an MOI of 10 (Nakai al., 1969).

robust interpretation. The special requirements  preferentially low MOI for producing high-titer MV
considering amino acids of the host cells are stilwas also demonstrated for BSC-1 cells. With an MOI
unknown, although glutamine has often been repdded 1, the titers increased until day 2 p.i. and themained
be essential for MV production. Kinetic studiesslddbe  stable. The highest values were about fxXhd
performed ideally with fully defined synthetic madi,  2x1@ pfumL™ for cell-associated or extracellular virus,
which then enables implementation of optimal nutrie respectively. With a lower MOI of 0.01, the MV tige
supply for MV production. increased until day 3 and reached a maximum tifer o

Impact of Multiplicity of Infection (MOI) on
Measles Virus Production
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5x10 pfucell* for both cell-associated and extracellular1.15. Impact of Culture Systems for Measles
virus (Nakaiet al., 1969). Virus Production

For the production in Vero cell monolayers, the
impact of MOI was analyzed by increasing the MOI in
log,o steps from 0.001-10 (Scott and Choppin, 1982). All
maximum virus titers were between ’10and
10° pfumL™. However, the highest MOI gave rise to the
lowest maximum titer. In contrast, the best virusld

was produced with an MOI of 0.01, but reductiontt® g, or petri dishes up to highly controlled cwdtiion

MOI elongated the tlmg of virus production by abéut systems in large scales (e.g., Stired Tank Remctor

days (Scott and Choppin, 1982). ~ (STR)). Current MV vaccine production is performed
In another study, the overall yield of MV prodatti  mainly in adherent cells. As adherent cell linesally

in Vero cell monolayers was higher with an MOl 010 need a growth surface to attach, the cultivationain

compared to an MOI of 10. However, using an MOI ofsyspension culture such as in bioreactors can be

10, viral titers were higher until 48p.i. but production supported by so called microcarriers. These

had to be terminated earlier (@2MOI 10 vs. 961 MOl microcarriers, on which the cells can grow, are lsma

0.1) (Baczko and Lazzarini, 1979). In the same mgpo round or flat particles, which can easily be susigeh

the titers in MA160 cell monolayers after infectisith by a stirrer.

an MOI of 10 were always higher than titers repbrte

after infection with MOI of 0.1. Again, using an MOf

10, virus production had to be terminated one daliez Boriskin et al. (1988) first reported MV production

(96h p.i. Vs 12Ch p.i. respectively). In contrast, in with cells cultivated on microcarriers. Quail embry

MA160 suspension culture, the MV titer with MOI 10 fibroblasts were cultivated on Cytolar-2 microcersi

were higher until 48 p.i. while better titers appeared and then infected with the MV strain Leningrad-16.
with an MOI of 0.1 starting 7B p.i. until the end Although the titers from roller bottle and microger

(Baczko and Lazzarini, 1979). cultivation were within the same range, slightlytner

In MRC-5 cells the influence of the MOI was Virus titers were reached in roller cultures.
studied, too. The MOI was varied in steps of 0.01 MV production with three different microcarriers
0.005 and 0.001. The highest titer was observed Wit(Cytodex 2, .M|carc.el G and Cytolar 2) _had been
an MOI of 0.01 (7.5x1DTCIDsomL™), although the investigated ywth guail embryo qells, as well (_$ehkoet_
liters with an MO! of 0.00550and 0.001 were onlyaj" 1989).With Cytodex 2 carriers, the maximum virus

) oY titer (6% 10° TCIDsomL™) was reached on day 5 p.i.;
slightly _Iower (1.8x16 and 7.5x10 TCIDsomL™) afterwards, the virus titer decreased. With MichrGe
(Trabelsiet al., 2012).

_ _ carrier, the highest maximum titer (8%ICIDsomL™)

In contrast to the results discussed above, wéheH \ya5 observed on day 4 p.i. For these microcarries,
cells the more virus particles was produced th@énighe  maximum MV titer remained constant for about 2 days
MOI (0.01, 0.1 and 1) was. Interestingly, the maxim  and decreased following day 6 p.i. The lowest viriadd
virus titer increased with increasing MOI to a morewas measured on Cytolar 2 microcarriers. A maximum
drastic rate at 37°C (up to thriegy, units) than it did at titer was reached at day 7 p.i. (4XI0CIDs, mL™) and
32.5°C (up to onig;o unit) (Udem, 1984). decreased thereafter. With microcarrier cultivaticn

In most cases, a lower MOl was reported to bgwofold enhancement of virus yields was obtainetesit
associated with higher viral titers. However, higiol ~ compared to roller cultures, reaching maximal patidn
shortens production time, but increases the anmfwitus ~ fates of 4.5-6.4 TCIR per cell. However, the virus

needed for infection. Since economical considemagiay production time and the harvest time was shorteithl
a significant role in optimizing production processit ~ Microcarrier systems. Furthermore, it was repatted MV

should be noted that longer cultivation times amdased yields could not be increased by higher microcarrie
amounts for infectiong(higher MOI) cause higherconcentranons or cell densities. Sidorerdtoal. (1989)

; ; . .~ further addressed the problem of determining tablgicell
production costs. On the other hand, with serialisvi number after infection with MV. The cell number tlied

harvests as suggested above, the longer the time gick and forth during MV production and determimatof
production, the higher is the total generated vammunt.  yjaple cell numbers by trypan blue exclusion waggssted
Thus, total yields with low MOI and serial virusrti@sts  to be not an adequate method. Since cells, whiektamed
could be beneficial over longer production timégrms of  blue, are supposed as dead, these cells couldedtiise
production costs. virus for an unknown time (Sidorenkbal., 1989).

As already described for monolayer and suspension
cultures, the choice of the culture system exerts
considerable impact on virus production and the
scalability of a process. Potential culture systéonsviVv
production are in the range from small, simple and
uncontrolled systems such as monolayer cultivatioh-

1.16. Spinner Flask Cultivation
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Table 3. MV production performed with host cell cultivatiom microcarrier. The respective bioreactor systaimrocarrier and cell

lined used are presented.

max. Titer €10°

Culture system Microcarrier Cell line MV strain TGHML) Ref.

Spinner bottles Cytolar-2 quail embryo cells Lematy16 3.0 (Boriskinet al., 1988)
Cytodex 2 quail embryo cells Leningrad 16 0.6 @Bathkoet al., 1989)
Micarcel G quail embryo cells Leningrad 16 0.8
Cytolar 2 quail embryo cells Leningrad 16 0.4
Cytodex 1 MRC-5 AIK-C 100,000.0 (Trabelsiet al., 2010)

Bioreactor (STR) Cytodex 1 MRC-5 AIK-C 40,000.0 (Trisbet al., 2010)
Cytodex 1 MRC-5 AIK-C 10.0 (Trabelsiet al., 2012)
Cytodex 1 Vero Edmonston 50 (Mendonceet al., 1994)

In another report, spinner flask cultures of MRC-5 cell growth. The impact of the parameters tempeeatu

cells were cultivated on Cytodex 1 microcarriersapelsi

et al., 2010). In spinner flasks, the highest -cell
concentration was reached after 5 days of cultuhéch
was chosen as time of infection. One day afterctida
with the AIK-C strain, the virus titer increased
continuously until 6 days p.i. and reached a marirtiter

of 1x10* TCIDsgmL™ (Trabelsiet al., 2010).

1.17. Bioreactor Cultivation

shear force, feeding and serial harvests have dilrea
been investigated.

1.19. Impact of Culture Temperature

The various Edmonston derived vaccine strains have
been further attenuated by additional passageisicken
embryo fibroblasts at a reduced temperature (32°C)
(Katz, 2009). In some studies MV were also produated
lower temperature (Kohn, 1962; Boriskan al., 1988;

First data concerning MV production in a bioreactor Mendoncaet al., 1994; 2002), but MV production at

were published in 1994 using an STR (Mendoeica .,
1994). MV was amplified on MRC-5 cells in an STR
grown on Cytodex 1 microcarriers (Trabedsal., 2010),
but also on a ready-to-use disposable fixed betkisys
(BelloCell) in Minimal Essential Medium (MEM) and
0.2% Bovine Serum Albumin (BSA). In the STR, the
TCIDso per cell and day was at minimum 15 times

37°C is common as well (Black, 1959; Shishigtcal.,
1967, Nakaiet al., 1969; Romano and Scarlata, 1973;
Brandrisset al., 1982). Consequently, the impact of the
cultivation temperature during MV production has
already been evaluated.

Amplification of attenuated and virulent Edmonston
strains on BSC-1 cells has been reported to bdagiai

lower than in the BelloCell System (125 and 1,900 34°C or 37°C (Rapp, 1964). A further comparativelgt
TCIDso per cell and day, respectively). Shear stressof AIK-C strain MV production in MRC-5 cells at 3@°
was suggested to reduce the production yield in theor 36°C in spinner cultures revealed slightly highbell

STR (Trabelskt al., 2010).

numbers with a cultivation temperature of 34°C, Mt

Taken the available data together, spinner ortiters were similar at both temperatures, agairalj€lsi

bioreactor cultivations are sufficient systems fdv
production. Although MV yields were not always hégh
compared to T-flaks or roller bottles, the bioreact

etal., 2010).
MV Hallé and Edmonston strains produced at
33°C or 37°C in Vero cell monolayers resulted in

system could still be advantageous considering thehigher yields for the Hallé strain at 33°C. For the

possibility of in-process control and direct rediga of
e.g., pH and oxygenation. Additionally, serial resting
could easily be automated. With further optimizatiaf
bioreactor cultivation, these systems seem to lny ve
promising. MV yields produced with host cells cuiied
on microcarriers in either spinner bottles or bémters
are summarized ifiable 3.

1.18. Impact of Variations in Culture Modes
on Measles Virus Production

Controlled culture systems can work in different
culture modes. This includes variation in tempemtu

Edmonston strain, the yield was initially higher at
37°C, but the overall yield was better at 33°C, wiae
longer production phase was feasible (four instefd
two days). For both virus strains, the cultivatiah
37°C had to be terminated at least two days earlier
than those at 33°C. This effect was supposed to be
caused by the lytic nature of MV, which seems to be
more intensive at higher temperatures (Scott and
Choppin, 1982).

In HelLa cells MV yields were up to three folds
higher (two logy units) at 32.5°C than at 37°C.
Additionally, the author demonstrated that higheids

stirrer speed, or different feeding and harvestingwere not due to temperature sensitivity. The tit#r20

strategies, which all could influence virus staliknd
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10%) when plated at 32.5 and 37°C. Thus, it wasresulted in a low virus yield 5 days p.i. Howewveith

suggested that host cell factors, such as proyeitnssis,
or a temperature-dependent host cell protease ddede
the processing of virus polypeptides could be ettent
the different temperatures (Udem, 1984).

galactose and glutamine feeding, infection of 1¢sdzd
cultures resulted in a titer of 8xLTCIDs, mL™, again
on day 5 p.i. The feeding resulted in a very sigaift
reduction of the percentage of apoptotic cellsfenday

of infection. As illustrated iable 4, the virus titer per
1.20. Impact of Shear Forces cell increases with a reduced rate of apoptotidscel
Mechanical shear forces have been published tolhese data reveal that an optimized production gz®c
increase MV vyield from static monolayer cultures. for the cell line could lead to higher MV producticates
Vigorous agitation could raise the virus titer ab@s-  (Mendoncaet al., 2002).
12.5-fold in the supernatant. Since the mecharficzaks
did not increase cellular contaminants in the sogi@nt,
it was suggested that the increase could be did\vto Overall virus yields have been reported to be
particles, whose budding was assisted by the Helpeo  enhanced by repeated harvest of released virusn whe
mechanical forces. As this vigorous agitation was conditioned medium from infected monolayers hasbee
performed in static cultures, higher virus yields i replaced with fresh medium (Scott and Choppin, 1982
bioreactor cultivations with permanent shear foirwmdd When considering the comparatively low half-lifetbe
be suggested (Wechslet al., 1985). However, the virus at 37°C (i.e., 2 h) (Black, 1959), this prduee
agitation in static cultures was _performe_d for Eﬂ_rmrt might be promising. Interestingly, only slightlywer
time of harvest and not extensively during cultimat  yjrys titers in the culture medium have been regghrt
thus it remains unclear, wh|ch effect_ a durableashe when the medium was fully exchanged one hour fdior
force during the whole cultivation period, as foumd  gampling (Black, 1959). This indicates some kind of
bioreactor systems, has got. Additionally, as sefsi@  gqyilibrium between release and decay and therefore
protective agent concerning shear stress, it shbeld  g,qqeqts that a considerable amount of virus isedds
noted that the medium in the T-flasks had beeraoel o a1 harvesting from the culture medium is oritte
with serum-free medium 12-18 hours prior to theviat The effect of harvest time has also been invesitjat
(Wechslert al., 1985). (Scott and Choppin, 1982). A single harvest onftlgth
day p.i. resulted in yields of 28 pfu per cell for
) extracellular and 188 pfu per cell for cell-asstatiavirus,
Repeated batch and perfusion mode have beeRyhich represents a ratio of released-to-cell-assedi
compared in an STR (Trabelst al., 2010). These \iys of about 1:6.7. Increasing the numbers ofisvir
data revealed an approximately 6-fold higher Virus panests from the supernatant resulted in higHeased
yield in the repeated batch mode (125 T&lper cell 4 ool associated ratios for cumulative yieldspeztively
and day), compared to the perfusion mode (21 ®&ID i, a1yes of 1:3.6 for one additional harvest o 8ap.i.
per fr?"airc])(tjhg?y)s'tudy it has been demonstrated thaand 1:2.4 for three additional harvests on days 2 &nd
appropriate feeding of the cells is advantageousvigd 2'750 p;'ngv'g‘ST tslfﬁl g;rd' ngv?(f:sgﬂzﬂgmrng:ﬁe”
g;fc;%l:é:tlc%ngmg&ciigg C:rt ggiai(t)c?sze) .flggir?; zg%s;mhe assp_ciated virus, respectively, have been detedniﬁeis
of Vero cells on Cytodex 1 microcarriers and subgeg ~ POSitive effect appeared always, when the time tpoin
the first harvest was chosen at day 2 p.i. or k&eott and

MV production are summarized ifable 4 (Mendonca ) . : .
et al., 2002). MV yields were successfully raised by Choppin, 1982). Daily harvesting of extracelluldrus
starting 24 h. p.i. resulted in reduced yields ®fahd 58

increasing the cell number by feeding, as welle¢tibn : - ° )

on the fourth day of cultivation, when the batch Pfu cell” for extracellular and cell-associated virus titers

cultivation was terminated, resulted in a virugrtiof ~ respectively. The authors suggested that undere thes
circumstances the medium removal one day after

5x10 TCIDs, mL™ 5 days post infection. Without ¢ tance da
feeding, the cell number was drastically reducei the ~ inoculation did not allow enough cells to becomigally
infected (Scott and Choppin, 1982).

12th day of cultivation and infection of these sell

1.22. Impact of Harvesting Strategies

1.21. Impact of Culture Mode

Table 4. Effect of feeding on MV yield and cell viabilityusmimary of data published by Mendonetaal. (2002). Presentation of the effect of
feeding on apoptosis of cells and measles virdd yie

Cell density at time Apoptotic cells at
of infection day of infection

MV yield 5 days p.i.

Day of infection k10°cellsmL™) (% of cells) Feeding (x10° TCIDsomL™) (TCIDso percell®)
4 5.1 2 no 5 9.8

12 3 88 no 0.00052 0.002

12 9.2 12 yes 8 8.7

2 Fed with 4 mM galactose and 2 mM glutamine at dgy& 8 and 10% Correlated to the cell number at time of infection
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Table 5.Summary of published data for MV production. M\élgis with respect to the MOI, the scale or modeuttivation, virus strains and cell
lines are presented. For better comparability;stite pfu were converted in TCipby multiplication with the factor 0.7

Max. Titer (x
1¢° Cells/ Cell-associated Scale/ mode
TCIDsymL) MOI MV strain lextracellular MV of production Remarks Ref.
- 1 CV-1/ not specified extracellular 162 T-flasks (33°C p.i.), increased yield (Wechstaal., 1985)
by vigorous agitation
0.046 2-5 HeLa/ DP line of the - 6n rubber stoppered  examining amino acid
Edmonston strain bottles, roller drum deprivatituring (Romano and Scarlata, 1973)
MV growth, (37°Q.i.)
0.36 0.01 quail embryo cells/ - siliconized. $pinner,  Cytodex 2, Micarcel G,
Leningrad-16 strain working volume .5  Cytolar 2 (each with 2@/L) (Sidorenkoet al., 1989)
0.56 0.025, KB cells / Edmonston  cell-associated / petri dishes (50 (37°Cp.i.), MV inactivation (Kohn and Yassky, 1962)
0.01 strain extracellular mm dish) kinetics at@7°
0.63 15 Hep-2/ Edmonston cell-associated / - dnawirves of MV,
strain extracellular characterization of tenapere (Black, 1959)
and pH-sensitivity, (37°@.i.)
3 14 Vero/ TYCSA strain extracellular roller tsbeith 1 (37°Qp.i.) (Shishidcet al., 1967)
(variant of the mL fluid
Toyoshima strain)
8 0,1 Vero / Edmonston extracellular T-flasks dnepr Cytodex (2g/L),
strain bottles at 6Gpm, cells are fed with galactose and (Mendaatea., 2002)
glutamine, (33°@.1.)
8.6 0.02 U937 / Edmonston cell-associated / suspeslls, B7°M.i.) (Brandrisst al., 1982)
strain extracellular, spinner
daily
10 0.03 quail embryo cells / - stationary monolayer MC: Cytolar 2, (33°C p.i.) (Boriskiat al., 1988)
Leningrad-16 strain roller or microcarrier
cultures (0.5 L Techno
cell stirrer bottles)
10 0.01, MRC-5/ AIK-C - STR 3 L working Cytodéx3g/L), (Trabelsiet al., 2012)
0.001, strain volume MOlI variation, different
0.005 culture modes
14 0.01-1, BSC-1, primary rhesus cell-associated / 4-ounce prescription B7°gi.) (Nakaiet al., 1969)
10 monkey kidney cells/  extracellular bottles.
Edmonston
70 0.01-1 HelLa/Edmonston cell-associated / susperslls (37 and 32.5°C) (Udem, 1984)
extracellular
170 0.5 Vero/Edmonston cell-associated / Celligelhaulture Cytodex (Mendoncat al., 1994)
strain extracellular, until 317, 60rpm, for (2g/L), (33°Cp.i.)
cytopathic effect comparison also
(96-120 h p.i.) roux bottles®
230 0.1, 10 MA160, Vero/ cell-associated/ monolay@5cm?) - (Baczko and Lazzarini, 1979)
Edmonston strain extracellular and suspensiciu@d
400 0,001-10 HEp-2, AV3, BHK- mainly extracellulaflasks, monolayers investigation of: (Scott and o, 1982)
21, PK-15, MDCK, FCS, temperature (33
Vero, BGMK / Halle and 37°C), buffer, insulin,
or Edmonston strain virus strain, cell line, MO
100,000 0.01 MRC-5/ AIK-C strain - packed bed (BEkII Cytodexl(3g/L), various (Trabelsit al., 2010)

disposable); STRI2
(working volume 1.2);
spinner (working
volume 0.3)

cell culture modes, comparison

of virus titers and cell
concentrations, spinner:

(36 and 34°C p.i.), bioreactor:

(34°Cp.i.)

However, this interpretation stays in contrast ¢ports

hours and first progeny virus appears already Hitdr

describing that MV inactivation proceeds within few infection (Black, 1959).
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The few available data for MV production suggest
that feeding and repeated harvesting are advantadeo
high virus yields. The culture temperature and iskass
can affect the total yield ambivalently. Howeverpren
detailed studies of these parameters might bedenesi.

1.23. Summary

Table 5 summarizes the currently available data
for MV production with respect to the MOI, the seal
or mode of cultivation, virus strains and cell knéor
better comparability, titers in pfu were converted
TCIDsg by multiplication with the factor 0.7.

2. CONCLUSION

Due to its ability of efficient tumor cell killingMV
has been identified as a potential oncolytic viflisus,
there is considerable interest of a scalable, chmible,
optimized,
process for this promising agent.

Since being established for several decades, MVextracellular virus with

production for vaccination purposes is not exphgjtthe
technical possibilities offered by modern cell auét
technologies. However, simply up-scaling of theustb
and established traditional technologies may bécdit
when trying to push the viral yield by a factorugf to a
million. In addition, potential second generationvM
agents with modified tumor-selective cell-entry most
likely not infect traditional cell substrates uséar
producing parental vaccine MV.

Additionally, economic considerations play an
important role for optimizing a biomedical prodocti
process. A great factor concerning costs is thée sufaa
process. It is a big difference whether productien
performed in static systems as T-flasks and rditstles,
or in a bioreactor. For example, a bioreactor afibn
with 1 L working volume and Cytodex 1 microcarrietsa
concentration of 3 g I confers the same surface area for
cell growth as 44 T-flasks (each 300 cm? surface) o
approx. 16 roller bottles (each 850 cm?). By thiareple,
it is quite obvious that requirements for mediacgpand
manpower are much less for the bioreactor cultvati
Bioreactor cultivation would be a good alternatitee

already been investigated in the past. Some ofethes
factors are very important, as e.g., the relativghh
sensitivity of the MV to temperatures (Black, 1958)

the potential to protect MV particles or promote
infectivity by certain salts, respectively (Ragp al.,
1965; Boriskinet al., 1988). Referring to extracellular
virus vyields, the temperature sensitivity of theusi
could be a critical parameter, as well. Virus ire th
supernatant is inactivated by elevated temperatures
which could be a reason for cell-associated vitietdg
being almost always reported to be higher than
extracellular yields (Black, 1959; Rapp, 1964; 8his

et al., 1967; Nakakt al., 1969; Mendoncat al., 1994).
Since studies utilizing lowered temperatures dubig
production revealed only slightly higher or similarus
titers (Rappet al., 1965; Scott and Choppin, 1982;
Trabelsi et al., 2010), this attempt may not be too

standardized and automated productionpromising. Having this in mind, it could be advaggaus

to integrate repeated or even continuous harvesiing
immediate cooling of the
harvested virus into the process. Hence cell-agtati
virus can only be harvested once, total amounts of
released virus from repeated harvests could exte=d
amounts of cell-associated virus.

The addition of FCS provides serum proteins and
essential amino acids for virus production. Accogtly,
MV vyields were almost always higher with serum
supplemented medium (Scott and Choppin, 1982).
Addition of serum is a critical factor, as it is ah
unknown composition and therefore limits the
reproducibility of a process. Furthermore, serum
complicates the purification steps following protiow,
since the product should be free of any contamonati
when applied to human patients e.g., in cancemather
Thus, modern cultivation systems tend to rely omise
free cultivation, with complete serum free mediange
commercially available that can support comparable
growth of host cells (Rouroet al., 2007) and therefore
high MV vyields, too. Regarding medium composition,
specific amino acids revealed a strong impact on MV
growth (Romano and Scarlata, 1973) and appropriate
feeding of Vero cells prior to MV infection also
increased the MV yields (Mendonca al., 2002).

generate the amounts of MV needed for a routineHowever, the available data also indicate thatt anore

therapeutic cancer treatment, since all other (aiob
traditional) culture systems may be hard to scaleou

even do not provide the necessary cell numbers and

densities. The feasibility of bioreactor cultivatieystems

factors influence MV production, accumulating ireth
need for detailed kinetic studies.

Besides exogenous factors the virus-cell system
has to be optimized, as well. This includes thataie

for MV production has already been demonstratedMV strains are adapted for growth in specific cell

(Mendonceet al., 1994; Mendoncet al., 2002; Trabelsit

al., 2010). As promising the bioreactor cultivatisnthere

is unfortunately only little data available refegito MV

production in such systems. Additionally, furthepects

like oxygen demand or shear stress have to bedmesi.
An optimization of different factors (temperature,

lines. Additionally, the ratio of virus per cell M) is

an important factor to consider. A low MOI around
0.01 reproducibly resulted in the highest MV titers
(Nakaiet al., 1969; Baczko and Lazzarini, 1979; Scott
and Choppin, 1982), but causes an elongated time of
cultivation. Furthermore, high MOI reduced budding

MOI, addition of salts and repeated harvesting) hasof virus particles (Nakaet al., 1969) and thus shifts
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the balance to cell-associated virus, which is moreBaczko, K. and R.A. Lazzarini, 1979. Efficient

difficult to purify. propagation of measles virus in suspension cultures
Processing for scale up systems in the field df ce J. Virol,, 31: 854-855. DOI: 0022-538X/79/09-

culture has been performed over the past 50 years. (085402$02.00/0

Dynamic cultivations for mammalian cells have been Black, F.L., 1959. Growth and stability of meashasis.

operated from spinner systems up to bioreactors wit Virology, 7: 184-192. DOI:0042-6822(59)90186-2

working volumes up to several hundreds of literbl(Et Blechacz, B., P.L. Splinter, S. Greiner, R. Myersla

al., 2008). Development of microcarrier system made K.W. Penget al., 2006. Engineered measles virus as
such cultivation modes possible for adherent cell a novel oncolytic viral therapy system for

CE“”TSS}’D as well. Moret(;]vedr,tth_e biorea?['aor CUHmt. hepatocellular carcinoma. Hepatology, 44: 1465-
should be an easy method to improve the space-time- ;| 5 5. 10.1002/hep.21437

yield and the microcarrier system seems to be aguro Boriskin, Y.S., L.L. Steinberg, L.V. Dorofeeva, L.N

operation mode for the production of MV (Boriskéh . .
al., 1988: Sidorenkeet al., 1989: Mendoncat al., Zasorina and E.P. Barkova, 1988. Salt-induced

1994; Mendoncat al., 2002; Trabelskt al., 2010). enhancement of measles virus yields in cultured
Much effort in standardized bioreactor cultivation cells. —Arch Virol., 101: 131-136. DOL:
with mammalian cells has been done. The growing use 10;1007/3':01314658 .

of disposable systems such as single-use bags foBrandriss, M.W., J.J. Schlesinger and S.E. Chapman
bioreactors, sensors, sampling or seed inoculums 1982. Growth of measles virus in a human

further advanced the cultivations (E#ilal., 2008). macrophagelike cell line: U937. Am. J. Pathol.,:109
For MV production, further efforts should 179-183. _ _ _ _
concentrate on the following developments: Bronzino, J.D., 2000. The Biomedical Engineering

Handbook. 2nd Edn., Springer, Boca Raton, ISBN-
« A production process, which enables an easy scale 10: 354066808X, pp: 1408.

up of the respective microcarrier systems Cathomen, T., B. Mrkic, D. Spehner, R. Drillien ard
« As FCS is an undefined substance, MV should be Naef et al., 1998. A matrix-less measles virus is
produced in serum free medium infectious and elicits extensive cell fusion:
* Appropriate feeding of the cells during growth and Consequences for propagation in the brain. EMBO
virus production, which is based on detailed kmeti 3., 17: 3899-3008. DOI: 10.1093/emboj/17.14.3899
studies

Davis, J.J. and B. Fang, 2005. Oncolytic virothgrig

. : : cancer treatment: challenges and solutions. J. Gene
integrating methods for online measurements and ) ] i
process automation Med., 7: 1380-1389. DOI:10.1002/jgm.800

« The integration of an automated tool for serial or Dorig. R-E., A. Marcil, A. Chopra and C.D. Richaods
even continuous harvests 1993. The human CD46 molecule is a receptor for
measles virus (Edmonston strain). Cell, 75: 295-305
Solving these tasks should allow the set-up of an ~ DOI: 10.092-8674(93)80071-L
optimized, versatile production process, resultimg ~ Dubois-Dalcq, M. and T.S. Reese, 1975. Structural
measles virus preparations intended for the use as changes in the membrane of vero cells infected with

* An established offine analytic would help

oncolytic agents in the desired quality and quisstit a paramyxovirus. J. Cell Biol., 67: 551-565.
under affordable conditions. DOI:10.1083/jcb.67.3.551
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